The low cycle fatigue tests of the type 316LN stainless steel were conducted to investigate the cracking mechanisms in high-temperature water. The fatigue lives of the specimens tested in 310 o C deoxygenated water were considerably shorter than those tested in air. For the specimens tested in 310 o C deoxygenated water, the evidences for the metal dissolution, such as the stream downed feature, the blunt crack shape, and the wider crack opening were observed but rather weakly. In the same specimens, the evidences for the hydrogen-induced cracking, such as the coalescence of microvoids and the decrease of the dislocation spacing at the crack tip were observed rather clearly. Therefore, it is thought that the hydrogen-induced o C deoxygenated water, while the effect of metal dissolution is less significant.
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The low cycle fatigue tests of the type 316LN stainless steel were conducted to investigate the cracking mechanisms in high-temperature water. The fatigue lives of the specimens tested in 310 o C deoxygenated water were considerably shorter than those tested in air. For the specimens tested in 310 o C deoxygenated water, the evidences for the metal dissolution, such as the stream downed feature, the blunt crack shape, and the wider crack opening were observed but rather weakly. In the same specimens, the evidences for the hydrogen-induced cracking, such as the coalescence of microvoids and the decrease of the dislocation spacing at the crack tip were observed rather clearly. Therefore, it is thought that the hydrogen-induced cracking is mainly responsible for the reduction in fatigue life of the type 316LN stainless
I. Introduction
As reactor components are subjected to the cyclic stresses in high-temperature corrosive aqueous environments, the environmental fatigue damage of metallic components is one of the most important degradation mechanisms in nuclear power plants [1] [2] [3] [4] [5] . As austenitic Stainless Steels (SSs) have been used widely as structural materials in nuclear power plants, the Low Cycle Fatigue (LCF) behaviors of austenitic SSs in high-temperature water are important to assess the integrity of nuclear power plant components. Thus far, many studies regarding the environmental fatigue of austenitic SSs have been performed in high-temperature water [1] [2] [3] [4] [5] , and several models have been suggested to incorporate the environmental effects to the fatigue life evaluation process [1] [2] [3] [4] . The Argonne National Laboratory (ANL) has produced considerable amount of fatigue life data of austenitic SSs in Light Water Reactor (LWR) environments [1] [2] [3] . Based on its collected data, O.K. Chopra established the statistical models to predict the fatigue life of austenitic SSs in LWR environments [1] [2] [3] . Japanese researchers also have generated the fatigue life data of austenitic SSs in LWR environment, on which M. Higuchi et al. [4] proposed the fatigue life correction factor (F en ) to estimate the fatigue life of austenitic SSs in LWR environments. The ANL's model and the Higuchi's model have so many similarities; however, some differences regarding the material variability, the loading parameters, and the environments affecting the fatigue life exist.
The representative cracking mechanisms which may explain the decrease of the fatigue life in high-temperature water are the metal dissolution and the Hydrogen-Induced
Cracking (HIC). It has been reported that the dissolution of the metal at the crack tip can accelerate the crack propagation [6] . Therefore, the metal dissolution is thought to be responsible for the reduction in fatigue life that occurs in high-temperature water. The metal dissolution mechanism can be used to explain the reduction in fatigue life of Low Alloy Steels (LASs) and Carbon Steels (CSs) in high-temperature water. However, O.K. Chopra reported that the metal dissolution might not be the appropriate mechanism to explain the reduction in fatigue life of austenitic SSs in high-temperature water [7] . The other cracking mechanism that could explain the reduction in fatigue life of austenitic SSs is the HIC [3, [7] [8] [9] . In the corrosive environment, hydrogen may be absorbed into the metal during the cyclic loading. It has been reported that the hydrogen absorbed into the metal may induce weakening of atomic bonds, enhancement of dislocation mobility, or emission of dislocations [8, 9] . The fatigue crack growth rate may be accelerated by the absorbed hydrogen. Therefore, the absorbed hydrogen is also thought to be responsible for the reduction in fatigue life of the metals in high-temperature water. In case of the LASs, the characteristics of the HIC have been reported on the fatigue tests performed in high-temperature water [10] . Likewise, the HIC may be the major Environmentally Assisted Cracking (EAC) mechanism of austenitic SSs, too [3, 7] ;
however, the evidences of the HIC in the fatigue tests of austenitic SSs in high-temperature water are still insufficient. Therefore, an additional effort to clearly understand the EAC mechanisms of austenitic SSs in high-temperature water is needed.
In this study, the low cycle fatigue tests were conducted to evaluate the fatigue life of the type 316LN SS used in Korean nuclear power plants and the results were compared with the prediction models. Then, the contribution of the metal dissolution and the HIC on the fatigue life reduction of the type 316LN SS in 310 o C deoxygenated water was investigated through fracture surface observation and microstructure analysis.
II. Experimental Details
The test material was the type 316LN SS used as piping materials of the safety injection system in Korean nuclear power plants. The chemical composition of the test material is shown in Table 1 . The test material was subjected to solution-anneal at 1065 o C for 1 hour, followed by quenching in water. The mechanical properties measured at room temperature (RT) and 310 o C are given in Table 2 . The LCF test conditions used in this study are summarized in Table 3 . The LCF test specimens were of round bar type, with a gauge section of 9.63 mm in diameter and 19.05 mm in length, and the LCF test system used in the current study was shown in Fig. 1 [5] . Fatigue life, N 25 , was defined as the number of cycles at which the tensile stress during the fatigue cycle decreased by 25 % from the peak value. So, the LCF tests were interrupted when the tensile stress was reached to 75 % of the peak value.
The specimens tested for the strain amplitude of 0.4 % and the various strain rates were used for microstructure observation. After tests were finished, some specimens were broken in liquid nitrogen to reveal the fatigue surfaces. Also, the other specimens were 
III. Results
Fatigue Life of the Type 316LN SS
The fatigue life data of the type 316LN SS generated in the current study are summarized in Fig. 2 . For comparison, the ASME design fatigue curve [11] and the fatigue life data in air are also presented. As shown in Fig. 2 , the fatigue life of the type 316LN SS in 310 o C deoxygenated water was shorter than that in RT and 310 o C air. Additionally, as strain rate decreased from 0.4 to 0.008 %/s, the fatigue life in 310 o C deoxygenated water reduced continually.
SEM and TEM Observation
The fatigue surfaces and the sectioned area of the LCF-tested specimens were observed to investigate the cracking mechanisms occurring in high-temperature water. Also, the microstructure of the LCF-tested specimen tested in 310 o C air was observed for
comparison. Fig. 3 shows the fatigue surfaces of the LCF-tested specimens in 310 o C air, and in 310 o C deoxygenated water. These SEM images of each specimen were taken in the region The TEM observation was carried out to investigate the environmental effect on the movement of dislocation structure at the crack tip. Since the absorbed hydrogen can be concentrated at or near the crack tip, the hydrogen affects the dislocation movement at the crack tip [9] . Fig. 5 shows the dislocation pile-up in the LCF-tested specimens at the strain amplitude of 0.4 % in 310 o C air and in 310 o C deoxygenated water. In order to investigate the effect of absorbed hydrogen on the dislocation movement, the distance between dislocations, which is so-called "dislocation spacing," was measured five times. The measured dislocation spacing was taken an average, and the average dislocation spacing for each test condition was given in Table 4 . As shown in Fig. 5 (a) and (c), under the same loading condition, the dislocation spacing for the LCF-tested specimen in 310 o C deoxygenated water was about half of that for the specimen in 310 o C air. In 310 o C deoxygenated water, the dislocation spacing reduced with a decreasing strain rate, from 0.4 to 0.04 %/s, but the dislocation spacing was almost the same in the strain rate range from 0.04 to 0.008 %/s.
IV. Discussion
Comparison of the Fatigue Life Data with the Prediction Models
We compared experimental data with prediction models, such as those of the ANL [3] and M. Higuchi [4] . The ANL's statistical models were based on the Langer equation and several terms were added to account for environmental effects on the fatigue life [1] [2] [3] . The ANL's model for austenitic SS in LWR environments is represented by
where ' T , ' ε& , and '
O are transformed temperature, strain rate, and dissolved oxygen (DO) level, determined from the test conditions. The predicted life by the ANL's model was determined by using the transformed parameters calculated from our test conditions. testing strain rates. Although the difference between the experimental data and the predicted life exists, the difference is within a factor of 3. This difference may have been induced by the effect of material variability and data scatter on the fatigue life [3] , and is considered acceptable. Therefore, the experimental data seem reliable and acceptable, but the detailed analysis on the variability is needed and underway.
EAC Mechanisms
The reduction in fatigue life of metals in high-temperature water may be induced by the occurrence of the typical EAC mechanisms, such as the metal dissolution and the HIC [3, 5, 10] . As mentioned previously, for austenitic SSs, the appearance of the metal dissolution is still in controversy and the evidences of HIC occurred in high-temperature water are insufficient. So, in the current study, the microstructure observation was performed to investigate the fatigue cracking mechanisms of the type 316LN SS in high-temperature water.
(
1) Metal Dissolution
Certain environments and loading conditions have to be satisfied to operate the metal dissolution mechanism. First, the metal is in a corrosive environment, but further dissolution of the metal is inhibited by the protective oxide layers. Second, the strain, high enough to rupture the protective oxide film, has to be applied to the metal. The first condition was satisfied in the current study, as the protective oxide layer is formed on the surface of austenitic SSs in high-temperature water. Also, the applied strain amplitudes applied in this study, or 0.4% -1.0%, were far greater than the strain amplitude of 0.15% needed to rupture the oxide film of austenitic SSs in low oxygen-containing water [2] . Therefore, it was expected that the metal dissolution mechanism would be operated during the LCF tests of the type 316LN SS in 310 o C deoxygenated water.
Some evidences for the metal dissolution were found by the SEM observation performed in the current study. On the fatigue surfaces, the well-developed striations were
observed for the LCF-tested specimens in both 310 o C air and 310 o C deoxygenated water, as shown in Fig. 3 . However, the streamed down features were observed solely for the LCF-tested specimens in 310 o C deoxygenated water, as shown in Fig. 3 (b) , (c), and (d).
These features are somewhat like flattened striations and considered as the traces of the dissolution of metal during the fatigue crack growth. Additionally, the shape of the crack tip in the specimen tested in 310 o C deoxygenated water was different from that in the specimen tested in 310 o C air, as shown in Fig. 4 (a) and (b) . The crack shape of the specimen tested in 310 o C air was very sharp; however, that of the specimen tested in 310 o C deoxygenated water was blunt. Also, the observed crack opening was wider in water than in air. The crack blunting shape and the wide crack opening could have been induced in the process of the metal dissolution.
From the above mentioned evidences for the metal dissolution, it is thought that the metal dissolution occurs during the LCF tests of the type 316LN SS in 310 o C deoxygenated water. However, despite of the above mentioned evidences, the metal dissolution may not be the only EAC mechanism operating because the well-defined striations were still observed on the fatigue surfaces of the LCF-tested specimens in 310 o C deoxygenated water. If the metal dissolution was the dominant EAC mechanism during LCF test, the striations would have been completely wiped out from the fatigue surface due to the significant metal dissolution. In case of LAS, the striations were not observed on the fatigue surface of the LCF-tested in high-temperature water, which was one of the strong evidences of the metal dissolution being the representative EAC mechanism [10] . So, the presence of the striations on the fatigue surface of the type 316LN SS indicated that the metal dissolution did not significantly affect the fatigue crack propagation in 310 o C deoxygenated water. Therefore, it is thought that the metal dissolution is partly responsible but not the major EAC mechanism for the reduction in fatigue life of the type 316LN SS in 310 o C deoxygenated water.
(2) HIC As mentioned above, the metal dissolution may be not the major EAC mechanism of the type 316LN SS in 310 o C deoxygenated water. Therefore, the other EAC mechanism was investigated to explain the reduction in fatigue life. In the current study, some evidences for the HIC were found from SEM and TEM observation. In Fig. 4 (b) , a microvoid ahead of the main crack was observed in the sectioned area of the specimen tested in 310 o C deoxygenated water. From Fig. 4 (b) , the region A of the microvoid shows the tendency of coalescence into the main crack. In addition, Fig. 4 (c) shows that a crack-like protrusion is emanating from the corner of a microvoid toward the main crack.
At the crack tip, the stress is localized, thereby increasing dislocation density in the surrounding region. The region of high dislocation density is one of the favorite trapping sites for the absorbed hydrogen [9] . Then, the high hydrogen concentration at the crack tip would enhance the strain localization, which again increases local stress at the crack tip. Therefore, the initiation and the growth of microvoid could take place easily around the crack tip due to the absorbed hydrogen. The microvoids were also known as the preferred trapping sites for the absorbed hydrogen [13, 14] . Thus, when the hydrogen concentration is very high, the microvoid growth may be accelerated by the internal pressurization caused by the trapped hydrogen [15] . Eventually, the microvoid would be coalesced into the main crack and resulted in crack propagation during the LCF tests. Therefore, it is thought that the presence of the microvoid ahead of the main crack and the tendency of coalescence between the microvoid and the main crack clearly indicate the operation of the HIC mechanism. Fig. 5 shows the slip bands with pile-up of dislocation at the crack tip of the specimens tested in 310 o C air and 310 o C deoxygenated water, and the average dislocation spacing for each test condition was summarized in Table 4 . As shown in Fig. 5 (a) and (c), the dislocation spacing in 310 o C deoxygenated water is narrower than that in 310 o C air, under the same loading condition. Some studies have reported that the absorbed hydrogen may serve to reduce the friction between the mobile dislocations and other dislocations [8, 9] . The absorbed hydrogen may reduce the repulsive forces between the mobile dislocations and other dislocation, thereby reducing the dislocation spacing and enhancing the mobility of dislocation [16] , which is known as the shielding effect. As a consequence, the absorbed hydrogen may accelerate the fatigue crack growth rate of the type 316LN SS in 310 o C deoxygenated water. Therefore, it is thought that the decrease of the dislocation spacing in 310 o C deoxygenated water would demonstrate the operation of the HIC mechanism.
Furthermore, as shown in Fig. 5 (b) , (c), and (d), the dislocation spacing shows the minimum value in the strain rate range from 0.008 to 0.04 %/s. This result indicates the presence of the critical strain rate at which the HIC plays the most important role in the acceleration of the fatigue crack growth rate in 310 o C deoxygenated water. The acceleration of the fatigue crack growth rate would be greater at the slower strain rate, because of an increase of the hydrogen absorption time. On the other hand, since the hydrogen absorption may be retarded when the oxide film is intact, the lower rupture rate of the protective oxide film at slower strain rate would result in less hydrogen absorption. Therefore, if the strain rate is slower than the critical strain rate, the acceleration of the fatigue crack growth by the absorbed hydrogen would not be enhanced anymore. Additionally, the decrease in dislocation spacing is somewhat related to the reduction in fatigue life in 310 o C deoxygenated water. As shown in Fig. 7 , the dislocation spacing is narrower and the fatigue life is shorter at slower strain rate.
V. Conclusions
The LCF tests of the type 316LN SS were conducted in various environments to investigate the fatigue crack growth mechanisms operating in high-temperature water. From the analysis of the LCF test results, SEM observation, and TEM observation, the following conclusions were drawn:
(1) The experimental fatigue life data produced in the current study show relatively good agreement with the prediction models. Even though the difference between our data and the predicted life exists, this difference is within the acceptable range.
(2) The streamed down features, the crack blunting shape, and the wide crack opening
were observed on the specimens tested in 310 o C deoxygenated water. However, despite of these evidences, the metal dissolution may not be the only EAC mechanism operating because the well-defined striations were still observed on the fatigue surfaces of the specimens.
The evidences for the hydrogen-induced cracking (HIC), such as the coalescence of microvoid and the decrease of the dislocation spacing at the crack tip were rather
clearly observed on the specimens tested in 310 o C deoxygenated water. Therefore, it is thought that the HIC is mainly responsible for the reduction in fatigue life of the type 316LN SS in high-temperature deoxygenated water, while the effect of metal dissolution is less significant.
The fatigue life and the dislocation spacing showed the minimum value in the strain rate range from 0.008 to 0.04 %/s, which indicate the existence of the critical strain rate.
That is, if the strain rate is slower than the critical strain rate, the acceleration of the fatigue crack growth by the absorbed hydrogen would not be enhanced anymore, because the hydrogen absorption may be retarded by the oxide film. 
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